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Segmental duplicationThe genomic architecture of several functional elements in animals and plants, such as microRNAs
and tRNA, has been better characterized. As yet, there is very little known about genomic organiza-
tion and structure of lncRNA in animals and plants. Here, we conducted a genome-wide systematic
computational analysis of genomic architecture of lncRNAs, and further provided a more compre-
hensive comparative view of genomic organization between lncRNAs and several other functional
elements in the human genome. Our study not only provides comprehensive knowledge for further
studies into the correlations between the genomic architecture of lncRNAs and their important
functional roles in diverse cellular processes and in disease, but also will be valuable for under-
standing the origin and evolution of lncRNAs.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
lncRNAs are a recently discovered class of ncRNAs which are in
general deﬁned as all non-coding transcripts longer than 200
nucleotides in length [1]. Since the discovery of the functional
lncRNA Xist in the early 1990s, an increasing number of lncRNAs
has been identiﬁed and predicted through high-throughput exper-
imental technologies or computational approaches. However, only
a very small percentage of these lncRNAs has been functionally and
mechanistically characterized. The biogenesis, evolution and bio-
logical function of most lncRNAs still remain unknown. Accumula-
tive evidences from the studies concentrated on only a very limited
number of lncRNAs have demonstrated that lncRNAs play critical
functional roles in diverse biological processes such as chromatin
modiﬁcation, transcriptional and post-transcriptional regulation,
genomic imprinting, nuclear-cytoplasmic trafﬁcking and so on
[2–5]. In addition, large-scale lncRNA expression proﬁling analyses
across human tissue and cancer types have revealed highly aber-
rant lncRNA expression in human cancers [6].
The genomic architecture of several functional elements in ani-
mals and plants, such as microRNAs (miRNAs) and tRNA, has beenbetter characterized. As yet, there is very little known about geno-
mic organization and structure of lncRNA in animals and plants. As
an initial analysis toward exploring the genomic organization and
structure of lncRNAs, we focus not only on characterizing the geno-
mic distribution of lncRNAs in the human genome, but also on elu-
cidating the association between lncRNAs and genomic fragile
sites, and between lncRNAs and repetitive elements or segmental
duplication events. To gain further insight into the genomic distri-
bution features of lncRNAs, the parallel analysis was performed for
the other four types of RNA. The systematic analysis of the genomic
organization and structure of human lncRNAs not only provides
comprehensive knowledge for further studies into the correlations
between the genomic architecture of lncRNAs and their important
functional roles in diverse cellular processes and in disease, but
also will be valuable for understanding the origin and evolution
of lncRNAs.
2. Materials and methods
2.1. Data sets
Human lncRNAs included in our analysis were manually cu-
rated from the existing literatures [7–9] and publicly available
lncRNA database [10], and were mapped onto the human genome
build GRCh37 (UCSC hg 19) using the BLAT program on the UCSC
Genome Bioinformatics website [11]. The genomic coordinates of
protein-coding genes with protein product, tRNAs and snoRNAs
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database in the UCSC genome browser [11] and HUGO Gene
Nomenclature Committee (HGNC) [12]. All the human miRNAs
and their genomic information were extracted from miRBase
18.0 [13]. Finally, all the data sets included in our study are com-
prised of 5964 lncRNAs, 1523 miRNAs, 402 snoRNAs, 622 tRNAs
and 18654 protein-coding RNAs (Table S1).
2.2. Analysis of clustering patterns of lncRNA genes
To investigate the distance distribution of lncRNAs in the hu-
man genome, we computed the distances between two adjacent
lncRNAs in the same chromosomes, and used the cumulative dis-
tribution function to analyze genomic distances of consecutive
lncRNA pairs. The statistical signiﬁcance was evaluated, using a
combination of randomization analysis and Kolmogorov–Smirnov
test (KS test), to compare the real genomic organization of lncRNAs
with random sampling as follows: First, we selected random posi-
tions from a uniform distribution whose number is equal to the
number of lncRNAs on each chromosome. Second, we computed
the distances between two adjacent random points in one random
sampling analysis. The empirical P-value was deﬁned as:
P ¼ #fijPKSðiÞP 0:001g=N
where PKS (i) is P-value obtained from KS test in distance distribu-
tion between lncRNA pairs and adjacent random points in the ith
randomized conﬁgurations. N is the number of random sampling.
Here, we performed 1000 random sampling analysis.
Next, we further performed a randomization analysis to deter-
mine the statistical signiﬁcance of clustering pattern of lncRNAs
as follows: First, the average distance of lncRNA pairs was calcu-
lated across all chromosomes and deﬁned as x: Second, we selected
random positions from a uniform distribution whose number is
equal to the number of lncRNAs on each chromosome. Finally,
we computed the distances between two adjacent random points
and the average distance. The empirical P-value was deﬁned as:
P ¼ #fijAVEðiÞP xg=N
where AVE(i) is the average distance between two adjacent random
points in the ith randomized conﬁgurations. N is the number of ran-
dom sampling. Here, we performed 1000 random sampling
analysis.
2.3. Analysis of incidence of lncRNA in fragile and non-fragile regions
The set of fragile sites was retrieved from HGNC database and
are comprised of 117 fragile sites. We deﬁned fragile regions and
non-fragile regions by scanning genomic sequential positioning
of fragile sites according to previous study [14]. The fragile region
is deﬁned as the sequential chromosomal bands associated with
fragile sites, and non-fragile region is deﬁned as sequential chro-
mosomal bands, which are not known to be associated with fragile
sites. Finally, we divided the 22 chromosomes (except for chromo-
some 21 and Y) into 87 fragile regions and 101 non-fragile regions.
Then we used Poisson Regression Models (PRM) to determine
whether lncRNAs and other different types of RNA appear more
frequently in fragile regions. This model is often used to model
the number or rate of occurrences of an event of interest. In our
analysis, ‘‘events’’ are deﬁned as the number of lncRNAs or other
RNAs in each fragile or non-fragile region, and the length of a re-
gion of interest is considered as exposure time. Because the distri-
bution density of lncRNAs or other RNAs across different
chromosomes varies considerably, this model also accounted for
the effect of the differing densities of different RNA on each chro-
mosome. Taking into account different distribution characteristics
of lncRNAs and other RNAs in fragile and non-fragile regions, thestandard PRM is performed for lncRNAs and protein-coding RNAs,
and the zero-inﬂated Poisson (ZIP) model is carried out for miRNAs,
snoRNAs and tRNAs, because count data with zero value is com-
mon in many fragile and non-fragile regions for miRNAs, snoRNAs
or tRNAs. The incidence rate ratio (IRR), two-sided 95% conﬁdence
intervals of the IRR and two-sided P values are presented by regres-
sion analysis. An IRR signiﬁcantly >1 reveals a marked increase in
the number of lncRNAs or other RNAs in a region of interest. The
regression analysis is performed by using STATA v12.0 software.
The minimum free energy (MFE) was calculated using the RNAfold
program [15].
2.4. Genome-wide identiﬁcation of repeats-related lncRNA
The genomic positions of repeats and segmental duplications
were obtained from UCSC Genome Browser [16]. We compared
the genomic coordinates of lncRNA and repeats to identity all lncR-
NAs overlapping with repetitive elements. If lncRNAs tend to over-
lap fully repetitive elements, the lncRNA was considered to be a
repeats-related lncRNA (RrlncRNA). The other lncRNAs with no or
partially overlapping repetitive elements is deﬁned as non-re-
peats-related lncRNA (NRrlncRNA).
3. Results and discussion
3.1. Genome-wide analysis of clustering patterns of lncRNA genes
Many studies have suggested that miRNAs are non-randomly
distributed across chromosomes, and tend to be organized as clus-
ters within several kilobases in the human genome [17–19]. The
clustering propensity of human miRNAs and their target genes
has been comprehensively characterized in several early studies
[19–21]. Bermudez-Santana et al. examined genomic distribution
of tRNAs in 74 eukaryotic genomes in a recent study, and found
17–36% of tRNAs are located in clusters in higher primates [22].
However, there is very little known about genomic arrangement
and clustering pattern of lncRNA genes on a genome-wide scale.
In order to gain novel insight into the genomic organization of hu-
man lncRNAs, we surveyed the genomic distribution of lncRNA
genes in the human genome, and computed the neighbor distances
between two adjacent lncRNAs on the same strand and the average
distance. The statistical analysis revealed a statistically signiﬁcant
difference in distance distribution between lncRNAs with 1000
random sampling (P-value < 0.001). By comparing the real average
distance of lncRNA pairs with 1000 random sampling, we found
that the distances of lncRNA pairs are statistically smaller than ex-
pected at random (P-value < 0.001). These results suggested that
lncRNAs are not uniform randomly distributed throughout the hu-
man genome. We further computed the neighbor distances for pro-
tein-coding RNAs and other non-coding RNAs as described above,
and performed a comparative analysis between them. The distance
distribution of lncRNAs and other four types of RNA is present in
Fig. 1. Comparative analysis revealed signiﬁcant differences in
clustering pattern between lncRNAs and other four types of RNA
(Kruskal–Wallis chi-squared = 8862.05, df = 4, P-value = 0). As
shown in Fig. 1, a small percentage of miRNA pairs and protein-
coding RNA pairs are separated by the pairwise distance of
10 kb, while more snoRNAs and tRNAs are distributed with a
pairwise distance of 10 kb, and reveal a highly clustering propen-
sity which is consistent with previous study [19]. However, only a
very small percentage of lncRNA pairs are separated by the very
small genomic distance (61 kb). The fraction of lncRNA pairs still
stays below 5%, even though the pairwise distance was extended
to 10 kb. Further analysis showed that the fractions of lncRNA pairs
are lower than those of the other four types of RNA at a pairwise
distance of 6100 kb. Furthermore, most of lncRNA pairs are found
Fig. 1. Cumulative pairwise distance distribution of lncRNA genes and other four
RNA genes. For each of the described RNA, the neighbor distances between two
adjacent same-strand RNA in the same chromosome were calculated. The distance
(in nucleotides) is drawn on a logarithmic scale.
978 J. Sun et al. / FEBS Letters 587 (2013) 976–982preferentially in the distance range of 100–1000 kb. These results
showed that lncRNAs seem to have a lower propensity to cluster
compared with other four types of RNA. Accumulating evidence
from many studies have shown that tandem duplication is the
most common mechanism for the formation of clusters of miRNAs
or tRNAs [22–26]. Clustered miRNAs appears to be located in a
polycistron and coordinated regulatory function, which may play
a complicated role in regulating a complex gene network [27–
29]. The function of tRNA clusters seems to be associated with
the DNA replication forks [30]. Compared with clustering patterns
of the other four types of RNA, We observed signiﬁcant under-rep-
resentations of lncRNA pairs separated only by the very short geno-
mic distance, indicating that the contribution of tandem
duplication events appears to be relatively small for the formation
and expansion of lncRNAs compared with other four types of RNA.
An example of clustered lncRNAs is snaR (small NF90-associated
RNAs) gene clusters. Parrott and Mathews have found that snaR
genes often occur in multiple copies encoded by tandemly re-
peated genes and are located in two clusters on chromosome 19,
which also have been found in our study [31]. snaR cluster seems
to be associated with tissue- and species-speciﬁc regulation of cell
growth and translation [31]. However, the biological functions of
most lncRNA clusters have not yet been thoroughly studied and
still remain unclear.
3.2. Genome-wide analysis of incidence of lncRNA in fragile and non-
fragile regions
Previous studies have analyzed the relationship between fragile
site and genomic locations of miRNAs or protein-coding RNAs, and
found that they occurred frequently in fragile sites-related geno-
mic regions [14,32]. However, these similar analyses were per-
formed only for the relatively small number of miRNAs in earlier
studies (186 and 715 miRNAs in Calin’s and Lagana’s study, respec-
tively). In our study, we not only expanded their results to all cur-
rently known miRNA genes (1523 miRNAs) but also explored the
association between genomic locations of lncRNAs and fragile
sites-related genomic regions, and further studied whether these
associations present similar patterns as miRNAs and protein-cod-
ing RNAs. In order to provide a complete mapping of ﬁve types
of RNA in fragile sites-related genomic regions, these RNAs were
mapped to 87 fragile and 101 non-fragile regions, and the results
were summarized in Table 1 and Table S2. The results of mapping
of human lncRNAs showed that 1601 of 5947 lncRNA (26.9%) are
located in genomic fragile regions, which is lower than that of miR-
NAs (32.2%), tRNAs (34.9%) and protein-coding RNAs (32%).Although the percentage of genetic material located in fragile re-
gions is lower than that in non-fragile regions, the average number
per unit of length for four types of RNA in genomic fragile regions is
higher than that in non-fragile regions except for snoRNAs. Hence,
it seems that these four RNAs (lncRNAs, miRNAs, tRNAs and pro-
tein-coding RNAs) tends to occur frequently in genomic fragile re-
gions. Further analysis was carried out by using Poisson Regression
Model (the standard Poisson Regression Model for lncRNAs and
protein-coding RNAs, and the zero-inﬂated Poisson model for miR-
NAs, snoRNAs and tRNAs) to model the rate of occurrences of ge-
netic material in fragile versus non-fragile regions. Our results
suggested that the relative incidence of lncRNAs in genomic fragile
regions occurs at a rate 1.104 times higher than in non-fragile re-
gions (P-value = 0.001, standard Poisson Regression Model). The
model results of other three RNA types (miRNAs, tRNAs and pro-
tein-coding RNAs) also revealed higher incidence rates in fragile
regions (Fragile IRRmiRNA = 1.327, Fragile IRRtRNA = 2.641 and Frag-
ile IRRprotein-coding RNA = 1.231). No signiﬁcant differences in the
genomic distribution of fragile versus non-fragile regions between
lncRNAs and other three RNAs (miRNAs, tRNAs and protein-coding
RNAs) were found. These ﬁndings indicated that these four RNAs,
except for snoRNAs, show a signiﬁcantly higher incidence in fragile
regions, and share a similar or common distribution pattern in
terms of their occurrence in genomic fragile versus non-fragile re-
gions from a genome scale.
It is proposed that these unstable chromosomal regions may be
subject to far more complex regulatory mechanisms than previ-
ously thought [14]. Lagana’s study has found that the distribution
of miRNAs and protein-coding RNAs in genomic fragile vs. non-
fragile sites is signiﬁcantly different across chromosomes [14].
We further extended our analysis and performed chromosome-
speciﬁc Poisson Regression Model analysis using the length and
chromosome heterogeneities as exposure controls to test whether
the chromosome-speciﬁc effect exists for the distribution of lncR-
NAs in fragile and non-fragile regions at the chromosome level.
Chromosomes 21 and Y have not been included in this analysis, be-
cause there are no fragile sites found in HGNC database. The chro-
mosome-speciﬁc fragile IRR was computed and presented in
Table 2. We found that there is a signiﬁcant association of the inci-
dence of lncRNAs in fragile vs. non-fragile regions and particular
chromosomes. Although it seems that lncRNAs has a greater inci-
dence in fragile regions from a genome scale, only 6 of the 22 chro-
mosomes studied (chromosomes 6, 7, 12, 19, 22 and X) reveal a
signiﬁcantly higher incidence in fragile regions (Fragile IRR signif-
icantly >1 for these six chromosomes) when considering the chro-
mosome-speciﬁc effects. In contrast, chromosomes 5 and 9 have a
signiﬁcant lower incidence of lncRNAs in fragile regions than ex-
pected (Fragile IRRlncRNA = 0.725, P-value = 0.004 and Fragile
IRRlncRNA = 0.570, P-value = 0.003). For all other chromosomes
studied, we found no signiﬁcant distribution bias of lncRNAs in
fragile and non-fragile regions. Comparison of distribution bias in
fragile and non-fragile regions at the chromosome level between
lncRNAs and other four types of RNA reveal signiﬁcant differences
across chromosomes. Lagana’s works observed that only chromo-
somes 16, 19 and X have a greater incidence of miRNAs in fragile
sites, and chromosome 14 has an opposite trend [14]. Our analysis
extended and improved previous results, and found that not only
these three chromosomes but also chromosomes 3, 11, 12 and 22
contain signiﬁcantly more miRNAs in fragile regions than non-frag-
ile regions that have not observed in previous works. Also, we ob-
served no signiﬁcantly higher or lower incidence of miRNAs in
fragile vs. non-fragile regions of all other chromosomes studied.
These results imply that the relatively small number of miRNAs
in earlier studies makes some bias. The relative incidence of pro-
tein-coding genes in fragile regions occurred at a signiﬁcantly
higher rate than in non-fragile regions within chromosomes 1, 2,
Table 1
The overview of ﬁve types of RNA occurred in fragile (non-fragile) regions.
Type of RNA Number in fragile (non-fragile) Average per region Average per unit of length Fragile IRR estimate 95% Conﬁdence interval P-values
lncRNAs 1601 (4346) 18.4 (43.03) 2.17 (1.89) 1.104 [1.042,1.169 0.001⁄
miRNAs 491 (1032) 5.64 (10.22) 0.66 (0.45) 1.327 [1.185,1.486] 0⁄
snoRNAs 77 (325) 0.89 (3.22) 0.1 (0.14) 1.383 [1.048,1.826] 0.022
tRNAs 217 (405) 2.49 (4.01) 0.29 (0.18) 2.641 [2.215,3.150] 0⁄
Protein-coding 5939 (12618) 68.26 (124.93) 8.04 (5.49) 1.231 [1.192,1.271] 0⁄
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lower rate within chromosomes 9, 17 and 20, which are basically
consistent with previous studies. For tRNAs, we observed a greater
incidence in fragile regions only within chromosomes 1, 5, 6, 7 and
12. Although snoRNAs seems to have neither a higher nor a lower
incidence in fragile vs. non-fragile regions from a genome scale, we
found a greater incidence in fragile regions within chromosomes 2,
3 and 7. Taken together, these results suggested that chromosome-
speciﬁc effect exist and play different roles in distribution bias in
fragile vs. non-fragile regions for different types of RNA.
To further explore the characterization and differences between
fragile-related lncRNAs (FRlncRNA) and non-fragile-related lncR-
NAs (NFRlncRNA), we carried out detailed analysis to examine var-
ious characteristics including sequence length, base composition
and MFE, and further conducted a comparative analysis between
them. Signiﬁcant differences were determined statistically using
the Kolmogorov–Smirnov test analysis. The results indicated that
there was a signiﬁcant difference between FRlncRNA and
NFRlncRNA for GC content (Fig. 2A, P-value = 7.697e005, KS test).
FRlncRNA (average 46.31%) had a higher G-C content than
NFRlncRNA (average 45.4%). A recent study has shown that lncR-
NAs may have the less stable secondary structure than 50UTRs
and the annotated ORF [9]. The lower GC content of NFRlncRNA
could potentially imply that NFRlncRNA tend to have less stable
secondary structure than FRlncRNA, and can interact more easily
with other cellular factors. Although G-C content is important for
the stability of RNA, the structural stability of RNA is also deter-
mined by other characteristics of RNA sequences. We also com-
puted the length and MFE, and found no signiﬁcant differences in
length and MFE between FRlncRNA and NFRlncRNA (Fig. 2B and
C, P-value = 0.577 and 0.561, respectively, KS test). Therefore, fur-
ther detailed analysis focusing other structural, functional and
expressional features will be required to address the possibility
of less stable structure for NFRlncRNA in further works.
3.3. Genome-wide identiﬁcation and analysis of repetitive element-
related lncRNAs and segmental duplication-related lncRNAs
Accumulating evidence frommany studies have shown that REs
contribute to the origin and evolution of miRNAs in plants and ani-
mals [33,34]. However, there is very little known about the rela-
tionship between lncRNAs and REs. We mapped lncRNA genes to
the human genome sequence and compared their locations to
the locations of annotated REs identiﬁed using RepeatMasker
(Table S3), and divided lncRNAs into two classes: repeats-related
lncRNA (RrlncRNA) and non-repeats-related lncRNA (NRrlncRNA).
A total of 3704 lncRNAs was found to share sequences and fully
overlap with REs in the human genome, accounting for 62.11% of
all lncRNAs studied in our study (Fig. 3A). The abundance and dis-
tribution of REs in lncRNA gene sequences indicate that REs may
play a major role in the origins or shaping the function of lncRNAs
in human. Several experimentally known functional lncRNA genes,
such as Gomafu [35], terra [36], kcnq1ot1 [37] and Xist [38], have
been found to contain functional repeat sequence domains, which
are critical for their functional roles. A recent study that focused on
Alu elements and lncRNAs has also identiﬁed 378 Alu element-containing lncRNAs [39]. There have been several recent studies
suggesting that a number of genomic features are signiﬁcantly dif-
ferent between the repeat-related miRNAs and non-repeat-derived
miRNAs in mammalian and plant genomes [40,41]. The diversiﬁca-
tion of origin and function of the repeat-related miRNAs and non-
repeat-derived miRNAs may be associated with these different
genomic features. We also conducted a comparative analysis to
further explore whether there are signiﬁcant differences in geno-
mic features between RrlncRNA and NRrlncRNA. The genomic fea-
tures, including GC content, sequence length and minimum free
energy (MFE), were calculated and the results were shown in
Fig. 3B. Our study revealed signiﬁcant differences in GC content, se-
quence length and MFE between RrlncRNA and NRrlncRNA. Analy-
sis of base composition for RrlncRNA indicated a low GC content
(average 44.21%), which is signiﬁcantly below that of NRrlncRNA
(average 48.01%) (P-value = 3.75e054, KS test). The lower GC con-
tent could potentially result in unstable base-paired structures
based on the Watson–Crick base pairing rule. There was a signiﬁ-
cant difference between RrlncRNA and NRrlncRNA for sequence
length (P-value = 0, KS test) (Fig. 3B). The NRrlncRNA (average
1093 bp long) tended to have a shorter sequence than RrlncRNA
(average 28409 bp long). Comparative analysis of MFE values re-
vealed a signiﬁcant difference between these two lncRNA catego-
ries (P-value = 1.55e161, KS test) (Fig. 3B). The MFE values for
RrlncRNA (average 688.72 kcal mol1) were signiﬁcantly lower
than those for NRrlncRNA (average 357.16 kcal mol1). These dif-
ferences in genomic features can potentially reﬂect expressional
and functional diversiﬁcation between RrlncRNA and NRrlncRNA.
To further explore the relationship between lncRNAs and differ-
ent repeat types, we performed a detailed analysis for RrlncRNA in
terms of ten different repeat types. Our analyses suggested that
RrlncRNA are associated not only with Alu elements but also with
other different repetitive elements (Fig. 3C). Comparative analysis
revealed large differences in the number of lncRNAs associated
with ten different repeat types. The REs-related lncRNAs that we
identiﬁed are mainly derived from four repeat types: short inter-
spersed nuclear elements (SINE), long interspersed nuclear ele-
ments (LINE), long terminal repeat elements (LTR) and DNA
repeat elements (Fig. 3C). The number of lncRNAs collocated with
SINE or LINE, covering more than one-third of lncRNAs studied
respectively, show far higher than that associated with other dif-
ferent repeat types. Satellite repeats and other repeats related
lncRNAs are underrepresented among RrlncRNA and only account
for less than 1% of lncRNAs studied, respectively. These results pro-
vide additional evidence for hypotheses proposed from clustering
analysis above in our study that tandem repeats may play minor
role in formation and expansion of lncRNAs. On the contrary, inter-
spersed repeats appeared to be integrated into the lncRNA regula-
tory network and greatly contribute to the origins and function of
lncRNAs. However, further work is required to elucidate what roles
interspersed repeats play in shaping the function or origins for
RrlncRNA.
Using segmental duplication data from the UCSC Genome Brow-
ser [16], we mapped all lncRNAs included in our survey to SD
blocks and explored the relationship between lncRNAs and SDs
(Table S4). We got 351 lncRNAs overlap with SDs (SDlncRNA) in
Table 2
Chromosome-speciﬁc fragile IRR for ﬁve types of RNA.
Chromosome lncRNAs miRNAs snoRNAs tRNAs Protein-coding RNAs
Fragile IRR 95% Conﬁdence interval Fragile IRR 95% Conﬁdence interval Fragile IRR 95% Conﬁdence interval Fragile IRR 95% Conﬁdence interval Fragile IRR 95% Conﬁdence interval
1 0.922⁄ [0.773, 1.101] 1.264 [0.892, 1.791] 1.297 [0.658, 2.557] 1.850⁄ [1.312, 2.607] 1.146⁄ [1.049, 1.252]
2 1.193 [0.978, 1.454] 1.369 [0.873, 2.145] 3.766⁄ [1.348, 10.526] 1.238 [0.356, 4.310] 1.565⁄ [1.382, 1.772]
3 0.608 [0.356, 1.038] 2.391⁄ [1.060, 5.390] 17.162⁄ [5.709, 51.592] 1.575 [0.906, 27.378] 1.225 [0.969, 1.548]
4 1.132 [0.872, 1.470] 1.668 [0.959, 2.900] 0.721 [0.058, 8.927] 1.176 [0.131, 10.519] 0.929 [0.779, 1.108]
5 0.725⁄ [0.584, 0.900] 1.000 [0.600, 1.665] 1.505 [0.425, 5.333] 9.841⁄ [3.451, 28.061] 1.131 [0.974, 1.314]
6 1.568⁄ [1.221, 2.014] 0.925 [0.437, 1.961] 1.71e07 0 7.503⁄ [5.358, 10.505] 1.010 [0.856, 1.192]
7 1.597⁄ [1.277, 1.998] 1.625 [0.988, 2.674] 15.267⁄ [1.691, 137.818] 13.651⁄ [2.557, 72.872] 1.856⁄ [1.623, 2.123]
8 1.347 [0.980, 1.852] 1.315 [0.706, 2.448] 8.45e08 0 1.708 [0.459, 6.357] 1.110 [0.892, 1.380]
9 0.570⁄ [0.394, 0.825] 0.782 [0.369, 1.658] 9.85e14 0 0.474 [0.058, 3.853] 0.484⁄ [0.390, 0.599]
10 0.920 [0.709, 1.195] 0.738 [0.429, 1.269] 1.621 [0.147, 17.872] 0.260 [0.030, 2.221] 1.057 [0.909, 1.230]
11 1.175 [0.926, 1.493] 1.669⁄ [1.022, 2.728] 0.565 [0.185, 1.724] 1.620 [0.538, 4.88] 1.495⁄ [1.328, 1.683]
12 1.316⁄ [1.034, 1.675] 1.739⁄ [1.034, 2.925] 1.104 [0.323, 3.771] 3.277⁄ [1.185, 9.064] 1.377⁄ [1.211, 1.566]
13 0.912 [0.643, 1.292] 0.994 [0.454, 2.173] – – 1.358 [0.264, 7.000] 0.805 [0.613, 1.057]
14 1.240 [0.820, 1.876] 0.576 [0.251, 1.319] – – 0.358 [0.048, 2.655] 1.109 [0.868, 1.417]
15 1.364 [0.885, 2.102] 1.569 [0.711, 3.46] 0.728 [0.295, 1.798] 1.121 [0.143, 8.754] 1.519⁄ [1.174, 1.964]
16 0.952 [0.620, 1.463] 2.83⁄ [1.538, 5.212] – – – – 1.384⁄ [1.151, 1.664]
17 0.657 [0.376, 1.147] 0.977 [0.426, 2.241] – – 0.346 [0.046, 2.516] 0.380⁄ [0.267, 0.540]
18 1.455 [0.983, 2.155] 1.298 [0.531, 3.176] 7.64e09 0 2.196 [0.309, 15.588] 1.364⁄ [1.014, 1.834]
19 2.176⁄ [1.368, 3.461] 14.064⁄ [3.472, 56.969] – – 1.000 [0.592, 1.689] 10.854⁄ [7.600, 15.500]
20 1.134 [0.674, 1.908] 0.308 [0.353, 2.679] 0.764 [0.804, 7.262] 1.41e07 0 0.552⁄ [0.379, 0.803]
22 1.977⁄ [1.384, 2.824] 2.399⁄ [1.247, 4.617] 7.72e+07 0 7.71e+07 0 2.714⁄ [2.230, 3.304]
X 1.504⁄ [1.053, 2.149] 3.894⁄ [2.623, 5.780] 2.817 [0.763, 10.404] 6.70e08 0 1.664⁄ [1.428, 1.939]










Fig. 2. Characterization and comparison between FRlncRNA and NFRlncRNA. Signiﬁcant differences were determined statistically using the Kolmogorov–Smirnov test
analysis which is a non-parametric method for comparing two samples. Comparisons with signiﬁcant differences are indicated on top. (A) Comparison of base composition of
sequence between FRlncRNA and NFRlncRNA. (B) The distribution of sequence length in FRlncRNA and NFRlncRNA. The length is shown on a log scale. (C) The distribution of
the predicted minimum free energy of FRlncRNA and NFRlncRNA. The MFE values were calculated using the RNAfold program [15].
Fig. 3. Comprehensive overview of repetitive element-related lncRNAs and segmental duplication-related lncRNAs. (A) Percentage and comparison of different types of
lncRNAs. (B) Percentage and comparison of RrlncRNA among 10 different repeats types. (C) The distribution and comparison of genomic features between RrlncRNA and
NRrlncRNA. When the difference between the two groups is statistically signiﬁcant, the P-values obtained using KS test are indicated on top.
J. Sun et al. / FEBS Letters 587 (2013) 976–982 981the human genome, accounting for only 5.89% of all lncRNAs stud-
ied (Fig. 3A). Among them, 149 SDlncRNAs are completely located
within SDs. Based on the SD pairs, 23 SDlncRNAs are completely lo-
cated in 8 SD pairs, and 126 SDlncRNAs that completely located
within SDs are found to be located in only one SD of the corre-
sponding SD pair. Recent studies have found that the snaR geneof small non-coding RNAs are embedded in segmental duplication
blocks, which generate multiple copies of snaR gene and lead to the
present non-random distribution of snaR [42,43]. These ﬁndings,
together with the results discussed above, suggested that genomic
segmental duplication events also promote the expansion of
lncRNA family. However, the contribution of segmental duplica-
982 J. Sun et al. / FEBS Letters 587 (2013) 976–982tion, as well as tandem duplication, for expansion and evolution of
lncRNAs is small and is less than that for miRNAs in the human
genome.
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